The genus Rhodococcus exhibits a broad range of catalytic activity and is tolerant to 27 various kinds of organic solvents. This property makes rhodococci suitable for use as a 28 whole-cell catalyst. Various tools for genetic engineering have been developed to use 29
The genus Rhodococcus belongs to mycolic-acid containing actinomycetes. Many 51 members of the order Actinomycetes are known to be antibiotic producers, while 52 rhodococci are known to exhibit a broad range of catalytic activity that has applications 53 in industrial, pharmaceutical, and environmental biotechnology (1) (2) (3) (4) . For example, 54
rhodococci have been used as biocatalysts for the industrial production of acrylamide 55 (5). Rhodococci are often isolated from soils contaminated with crude oil and/or 56 xenobiotic compounds, and these organisms can utilize such compounds as carbon 57 sources. Moreover, they exhibit tolerance to various organic solvents (6-9). 58
Their solvent tolerance property makes rhodococci suitable for use as a whole-cell 59 biocatalyst; this is particularly favorable for biocatalytic processes that require cofactor 60 regeneration and/or involve multistep metabolic pathways (10). The 2-phase 61 water-solvent system has been used for whole-cell bioconversion because it permits the 62 efficient conversion of hydrophobic substrates, which are dissolved in the solvent phase, 63 into final products. In most cases, the products are also hydrophobic and accumulate in 64 the solvent phase; this enables continuous reaction and feasible purification (10-13). To 65 date, both gram-positive and gram-negative organic solvent-tolerant bacteria have been 66 used for such reactions (10, 11, 14) . Although Escherichia coli is not particularly 67 tolerant to solvents, it has been used for whole-cell bioconversion in the presence of 68 toxic solvents because of its ease of handling (15). Nevertheless, rhodococci remain 69 superior candidates for such applications owing to their diverse catabolic abilities and 70 remarkable resistance to various solvents. Solvent-tolerant mechanisms have been 71 investigated in various bacteria, particularly in gram-negative bacteria (16, 17) . 72
Gram-negative bacteria have an outer cell membrane in addition to an inner cell 73 membrane, and these 2 membranes create a periplasmic space between them. Such cell 74 wall structure protects the cell from organic solvents that can damage the cell membrane 75 by attacking the lipid bilayer (18) . 76
To use Rhodococcus erythropolis as a host cell for bioproduction, various tools 77 useful for genetic engineering have been developed, such as expression vectors 78 containing an inducible promoter or a constitutive promoter, transposon mutagenesis 79 and/or expression system, and gene expression analysis systems (19-25). To date, such 80 tools have been successfully used in recombinant protein production and bioreactions in 81 aqueous media (26, 27) . To fully utilize the abilities of rhodococci, particularly their 82 solvent tolerance property, a solvent-inducible promoter would be useful. If such a 83 promoter is available, organic solvents can be used not only as reservoirs for the 84 substrate and/or the product but also as inducers for proteins that are involved in the 85 catalytic reactions. Therefore, we investigated the responses of various R. erythropolis 86 strains to various kinds of organic solvents. 87
In this report, we identified isocitrate lyase from R. erythropolis PR4 (ICL Re ) as a 88 methanol-inducible protein, and investigated its expression regulation mechanisms by 89 analyzing the upstream region of icl Re . Also, we identified a RamB homologue of R. 90 erythropolis PR4 (RamB Re ) by isolating proteins that were bound to the upstream region 91 of icl Re . Finally, the upstream region of icl Re was used to create methanol-inducible and 92 strong constitutive expression vectors. Microorganisms. E. coli DH5α and XL1-blue were used as general cloning hosts. R. 105 erythropolis and E. coli strains were routinely cultured in Luria-Bertani (LB) broth (1% 106
Bacto tryptone, 0.5% Bacto yeast extract, and 1% NaCl) in the presence or absence of 107 antibiotics at 28°C and 37°C, respectively. The antibiotics used to select transformants 108 in the culture media were chloramphenicol (17 µg/mL), kanamycin (200 µg/mL), and 109 ampicillin (50 µg/mL). If necessary, cell growth was monitored by measuring optical 110 density at 600 nm (OD 600 ). In the plate culture, the medium was solidified by adding 111 1.5% agar. 112
113
Preparation of total protein 114 115 Single colony of R. erythropolis was inoculated into 10 mL LB mediun and 116 incubated until it reached to a stationary phase. Then, the seed culture was inoculated 117 into 100 mL fresh LB medium and incubated for 20 h at 28°C with shaking at 120 rpm 118 in a 300 mL baffled flask. In order to increase the amount of cell culture, 100 mL 119 6 culture that was obtained by the previous step was inoculated into 1 L fresh LB medium 120 and incubated for 20 h at 28°C with shaking at 120 rpm in a 3 L baffled flask. A 20 mL 121 portion that was obtained from the culture in 3 L flask was transferred into a 50 mL 122 screw capped plastic tube (Corning inc., Corning, NY). Fifty microliters of R. 123 erythropolis seed culture was inoculated into 15 mL of LB medium and incubated for 2 124 days. Then, the organic solvent was added into the culture to a proportion of 1% or 5%, 125 and the culture was incubated for an additional 24 h. Cells were grown in a 126 screw-capped 50 mL plastic tube to prevent evaporation of organic solvents. The 127 organic solvents used in this study were ethanol, acetone, dimethyl sulfoxide, propanol, 128 butanol, methanol, acetonitrile, isopropyl acetate, 2-methyl-1-propanol, methyl ethyl 129 ketone, and ethyl acetate. The culture was harvested by centrifugation at 1500 × g for 130 10 min at 4°C. Then, cells were washed with 50 mM phosphate buffer (pH 7.5) and 131 resuspended in 500 µL of the same buffer. The cells were then disrupted using a Beads 132 shocker (Yasui-kikai, Osaka, Japan). The supernatant was collected by centrifugation at 133 20,817 × g for 10 min at 4°C and used as the total protein. First strand synthesis was carried out using a random primer. PCR was performed using agarose gel. For the negative control experiment, water was added instead of RT in the 208 reaction and the product was used as a template for PCR. In the negative control 209 experiment, no band was visible even after 40 cycles of PCR. 210 ICL activity assay 212 213 ICL activity was assayed spectrophotometrically at 324 nm using the total protein, 214
according to the rate of formation of glyoxylate phenylhydrazone in the presence of 215 isocitrate and phenylhydrazine at room temperature as described previously (31, 32). 216
One unit of enzyme activity corresponds to the production of 1 µmol of glyoxylate 217 phenylhydrazone per minute under assay conditions. 218
219
Promoter activity assay 220 preparation of total protein, and total protein that was obtained from 20 mL culture was 245 subjected to PIP activity analysis. (Invitrogen) containing 30 mg total protein from R. erythropolis PR4, which was 254 prepared in the presence of 5 mM EDTA and concentrated with Amicon Ultra-10,000 255 NMWL (Millipore, Bedford, MA). The mixture was incubated for 30 min at room 256 temperature. Then, the magnet beads were washed with TE buffer 4 times and were 257 boiled in loading buffer containing SDS, followed by SDS-PAGE analysis. Then, the 258 protein band was excised and subjected to LC-MS/MS analysis as previously described. The 303-bp (P icl ), 102-bp (P cpi , constitutive promoter region of icl Re ) upstream region 303 of icl Re were amplified using specific primers, as described previously. These DNA 304 fragments were inserted into pNit-QC1, pNit-QC2, pNit-QT1, pNit-QT2, pNit-RC1, 305 pNit-RC2, pNit-RT1, pNit-RT2 (20) digested with BsrGI and NcoI, yielding 16 types 306 novel expression vectors, pIcl (or pCpi)-QC1, pIcl (or pCpi)-QC2, pIcl (or pCpi)-QT1, 307 pIcl (or pCpi)-QT2, pIcl (or pCpi)-RC1, pIcl (or pCpi)-RC2, pIcl (or pCpi)-RT1, pIcl 308 (or pCpi)-RT2, respectively ( Fig. S1-A) . 309
The vdh fragment was isolated by pET29-VDH (26) digested NdeI and XhoI, and 310 was cloned into NdeI/XhoI sites of pIcl-QC2 or pCpi-QC2, yielding pIcl-QC2-VDH and 311 pCpi-QC2-VDH, respectively. Those vectors were transformed into R. erythropolis 312 JCM 3201 wild-type cells by electroporation as described previously (23). To select which organic solvent can be a candidate as an inducer of protein 321 expression, we used 11 different organic solvents as described in Materials and Methods. 322
As host cells, we randomly selected 4 strains of R. erythropolis from our laboratory 323 collections. R. erythropolis NI86/21, JCM6824, JCM3201, and PR4 were grown to a 324 stationary phase and a part of the culture was added to fresh media containing either 1% 325 or 5% of the above-mentioned organic solvents. Although all 4 strains were tolerant to 326 most of these solvents even at 5% concentration, none of the strains grew in the 327 presence of 5% 1-butanol (data not shown). 328
Total proteins from cells grown either in the presence or absence of organic solvents 329 were separated using SDS-PAGE. While the protein band patterns were not affected by 330 the organic solvents other than methanol, the amount of the ~46-kDa band was 331 increased by methanol in all strains examined ( Fig. 1A and data not shown). The 332 amount of proteins increased was highest in the strain PR4. The induction of ~46-kDa 333 proteins reached almost 80% of its maximum level within 6 h, and it gradually 334 increased until 24 h after the addition of methanol (Fig. 1B) . The ~46-kDa band was 335 also induced in the presence of 1% methanol (data not shown). Since the ~46-kDa band was close to other bands on the acrylamide gel, we 341 performed further separation . Briefly, total proteins that were obtained from the cells 342 grown either in the presence or absence of methanol were subjected to size exclusion 343 column chromatography, and the fractions that contained proteins of around 46 kDa 344 were pooled and separated by 2-DE. By comparing the 2-DE spot patterns between 345 those 2 samples, we found a spot that was observed only in the 2-DE sample obtained 346 from cells grown in the presence of methanol (Fig. 1C ). The spot was excised from the 347 acrylamide gel followed by trypsin digestion and was subjected to MS analysis. Three To identify the gene encoding for ICL Re , we performed inverse PCR by using 355 degenerate primers as described in Materials and Methods. By inverse PCR, we 356 obtained 2 different DNA fragments from genome fragments that were digested with 357 either NcoI or BamHI ( Fig. 2A) R. erythropolis PR4 is currently available, and the accession numbers for these genes 365 are as follows: icl Re , RER_15740; hbd, RER_15750; mhm, RER_15760, and adh, 366 RER_15770. To investigate if these 4 ORFs are polycistronically transcribed, we 367 performed RT-PCR analysis with specific primers that were designed to amplify DNA 368 fragments containing more than 2 consecutive ORFs (Fig. 2B) . We detected RT-PCR 369 products when using 5 different primer sets as shown in Fig. 2B , although DNA 370 fragments containing all of the 4 ORFs were not amplified, probably because RT 371 reaction is difficult for long mRNAs. The promoter activity of the upstream region of icl Re was analyzed using pip as a 376 reporter gene. Different lengths of the upstream region of icl Re were connected to pip, 377 and the protein amount and enzymatic activity of PIP were monitored before and after 378 the addition of methanol (Fig. 3A) . When the 303-bp upstream region of icl Re was used, 379 the protein amount and enzymatic activity were bothinduced by methanol in a 380 time-dependent manner. The induction profile of PIP was similar to that of ICL Re . 381
To find the minimal promoter region, we constructed different sizes of the upstream 382 region of icl Re connected to pip (Fig. 3B ). A similar response was observed for the 303- Methods. Proteins that were bound to the biotin-labeled DNA fragments were collected 395 using streptavidin-coated magnet beads and were analyzed by SDS-PAGE (data not 396 shown), which detected 2 major bands (~53 and ~65 kDa). Since the ~65-kDa band was 397 also detected in the negative control experiment in which the total protein was incubated 398 with only streptavidin beads, we focused on only the ~53-kDa protein for the further 399
analysis. 400
To identify the ~53-kDa protein, LC-MS/MS analysis was performed. A database 401 search matched peptide sequences that were deduced from the MS analysis to some 402 different protein sequences, including the RamB homologue from Rhodococcus jostii 403 RHA1 and Mycobacterium smegmatis, and acyl-coenzyme A carboxylase from 404
Corynebacterium diphtheriae. We chose only RamB Re for the further analysis, because 405 the other proteins were not putative transcriptional regulators. RamB from 406
Corynebacterium glutamicum (RamB Cg ) is a transcriptional regulator and negatively 407 controls the expression of some genes, including icl (33). 408
In the case of C. glutamicum, the 13-bp binding motif for RamB Cg 409 (5ʹ′-AA/GAACTTTGCAAA-3ʹ′) is identified in the upstream region of icl Cg . However, 410 homologous sequence was not found in the upstream region of icl Re . Therefore, we 411 confirmed the binding ability of RamB Re to the upstream region of icl Re by pull-down 412 experiments; the biotin-labeled upstream region of icl Re was mixed with the total 413 proteins obtained from R. erythropolis PR4 cells expressing recombinant RamB Re (Fig.  414   4C) . By the experiments, at least 2 possible binding sites were found: one is located 415 between -61 and -76 bp (5ʹ′-TGGCAAGTATGTGAAG-3ʹ′) and the other is located 416 between -127 and -142 bp (5ʹ′-TGGCATTAGCAACAGG-3ʹ′) (Fig. 4A) . 417
418
Effect of ramB Re disruption on R. erythropolis PR4 419 420
The above pull-down experiments suggested that ramB Re was involved in the 421 regulation of icl Re expression. To investigate the role of RamB Re in icl Re expression, we 422 analyzed the ICL Re activity of wild-type and ramB Re knockout mutant in the presence of 423 various carbon sources (Table 1) . Gene knockout was done by a single crossover 424 homologous recombination. Since random recombination of exogenous DNA fragments 425 often occurs in R. erythropolis, we checked the candidate clones in the gene 426 arrangement around ramB Re by using PCR, and obtained a knockout mutant (data not 427 shown). 428
In C. glutamicum and M. tuberculosis, it has been reported that the expression of icl 429 is negatively regulated by RamB and is dependent on the carbon source availability in 430 the culture media (33-37). In wild-type R. erythropolis PR4, ICL Re activity was induced 431
in the presence of methanol and acetate, while these inductions were suppressed by the 432 addition of glucose. In contrast, in the knockout mutant, we did not observe a 433 significant difference among them. Since the activity of the 303-bp upstream region of icl Re was methanol inducible and 439 that of the 102-bp upstream region was constitutively very high, we believe they could 440 be used as a methanol-inducible and strong constitutive promoter for recombinant 441 protein expression, respectively. We have recently cloned antibiotic resistance genes, 2 442 different types of replication origins, and constitutive or inducible promoters from the 443 genus Rhodococcus (19, 20). By using these elements, we have constructed a wide 444 variety of expression vectors. Here, we combined these elements with the promoter 445 region of icl Re , and constructed constitutive or methanol-inducible expression vectors 446 (representative constructs are shown in Fig. 5A ). One of the promoters was P icl ,which 447 includes the 303-bp upstream region of icl Re , and another one was P cpi (constitutive 448 promoter region of icl Re ), which includes the 102-bp upstream region of icl Re . By 449 combining 2 types of selection markers, replication origins, and multiple-cloning sites 450 as described previously (20), we constructed 16 types of vectors (Fig. S1 ). In order to 451 test the expression ability of these expression vectors, PIP and VDH were expressed as 452 model cases. When P icl was used for the expression, protein expression was inducible 453 depending on the presence of methanol, and when P cpi was used, constitutive high 454 expression was observed in both cases of PIP and VDH (Fig. 5B ). As shown in Figure  455 5C, the expression level of P cpi was quite high and its activity exhibited approximately 456 3-and 2-fold higher than P icl and P tip , respectively. RT-PCR data suggested that icl Re would be cotranscribed with 3 other neighboring 468 genes. Thus, it would be reasonable to think that the other 3 proteins would also be 469 induced in the presence of methanol. However, in this study, only ICL Re was found to be 470 induced in the presence of methanol by using acrylamide gels and 2-DE. This may be 471 due to the differences in protein turnover rate among these proteins or the differences in 472 translation rate of mRNA even in a single cistron. 473 ICL is a key enzyme in the glyoxylate cycle and is essential for the shunt pathway would be regulated not only by RamB Re , as described below, but also by another factor 487 that would regulate the expression by interacting with the upstream region of icl Re 488 between -152 and -102 bp. The details of the regulation mechanism(s) of icl Re by 489
RamB Re in R. erythropolis remain to be elucidated. 490
By using various lengths of the biotin-labeled upstream region of icl Re , we identified 491 2 possible binding sites of RamB Re . However, we could not find any sequence similarity 492 between these 2 sites, and neither of these sequences contained the core motif of C. 493 glutamicum RamB binding sites, 5ʹ′-TTTGCAAA-3ʹ′ (36). As shown in Fig. 4 , the 494 amount of RamB Re binding to the upstream region of icl Re was apparently different 495 among the 101-, 151-, and 201-bp upstream regions. The amount of binding protein 496 seems higher for the longer regions, suggesting there would be at least 3 binding sites, 497 which would be located between -61 and -101 bp, -101 and -151 bp, and -151 and-201 498 bp, respectively. Although we did not obtain experimental data, we found a sequence 499 similar to that between -142 and -127 bp in the region between -101 and -151 bp (Fig.  500   4D) . This sequence was located between -179 and -164 bp 501 (5ʹ′-CAGACTTAGCAAAGTG-3ʹ′). Also, these 2 sites contain 5ʹ′-TTAGCAA-3ʹ′, which 502 is similar to the core-binding motif of RamB Cg , suggesting a possibility of RamB Re 503 binding to this region. RamB Re has 2 functional domains, the helix turn helix (HTH) 504 motif and transcriptional regulation domains (Fig. S2 ). Since the HTH motif, which is 505 important for recognizing the target binding sequence, was not highly conserved among 506 related genera, the relation between the HTH motif and RamB binding sequence 507 remains to be elucidated. Also, the genome structure around icl is highly diverse among 508 related genera (Fig. S3 ). This diversity would be related to the regulation difference of 509 icl among related genera. 510
The response to solvent stress has not been well understood, although R. 511 erythropolis is often said to be tolerant to organic solvents. The general mechanism of 512 solvent tolerance has been reported to include rigidification of the cell membrane, 513 change in the membrane's protein content or composition, active export of solvent, 514 adaptation of energetic status, changes in cell wall and outer membrane composition, 515 modification of cell surface properties, morphological changes, and metabolism or 516 transformation of the solvent (11). In the case of R. erythropolis PR4 methanol 517 tolerance, assimilation of methanol would be related to the mechanism because the 518 shunt pathway of the TCA cycle, which is also needed for C1 carbon assimilation, 519 would be activated in the presence of methanol. To investigate this possibility, we 520 performed 2 preliminary experiments: one was HPLC measurement of the amount of 521 methanol before and after the incubation of R. erythropolis PR4, and the other was 522 observation of growth of R. erythropolis PR4 in minimal media containing methanol as 523 a sole carbon and energy source. However, neither of these experiments supported the 524 possibility (data not shown). These data suggest that icl Re regulation by methanol would 525
be different from what is done by acetate through glyoxylate cycle. This would be 526 supported by the difference of icl response to actetate or methanol in the presence of 527 glucose (Table1). 528
Methanol-inducible promoters have been identified from methanol-assimilating 529 bacteria such as Methylobacterium extorquens and Candida boidinii (40-42). However, 530 such promoters were never applied to create expression vectors. Although functional 531 analysis of icl Re induction has not been completed, the novel vectors described here 532 would be useful for bioreactions. 533 534 Acknowledgments 535
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